The direct arylation of the C4 position of both N-alkyl-and N-arylsydnones with aryl/heteroaryl chlorides has been realized. The reaction is quite general and allows access to a wide range of 4-substituted sydnones. Yields of more challenging substrates can be improved through the use of aryl bromides.
Pyrazoles are common fragments in biologically active molecules, and their presence in a number of blockbuster drugs 1 and agrochemicals 2 has led to widespread interest in developing new strategies to access these valuable structures. Recent studies in our labs have focused on the use of sydnones for the preparation of functionalized pyrazoles via alkyne cycloadditions, with a particular focus on understanding the underlying reasons for reaction regioselectivity. 3, 4, 5 From a synthetic standpoint, a diverse range of pyrazoles can, in principle, be made available by a sequence involving sydnone functionalization followed by cycloaddition. As shown in Scheme 1, this strategy allows pyrazoles to be generated in two steps with the introduction of new substituents at all carbon atoms on the heteroaromatic ring.
Scheme 1: Strategy for the Preparation of Highly-Functionalized Pyrazoles
We have reported preliminary attempts to realize this idea by implementing a Suzuki-Miyaura cross-coupling reaction of 4-bromosydnones, followed by cycloaddition with a series of terminal alkynes and alkynylboronates. 6, 7 Our method was superseded however by Moran and Rodriguez who described a palladium-catalyzed direct arylation approach that avoided the need for bromination of the parent sydnone. 8, 9 In connection with our interest in developing modular approaches to bioactive N-arylpyrazoles, we set out to employ a sequential sydnone direct arylation -cycloaddition for the synthesis of ER-34122, a potent dual 5-lipoxygenase/cyclooxygenase inhibitor with anti-inflammatory activity. 10 As shown in Scheme 2, employing Moran's conditions for the direct arylation provided the expected product 2 in good yield. Surprisingly however, this compound was accompanied by a small amount of the corresponding 4-Ph sydnone 5 which proved difficult to separate from 2. Further investigation showed that this competing side reaction could become quite significant; direct arylation of 1b provided a 3:1 mixture of 6 and 7, albeit in high yield.
Scheme 2: Proposed Route to ER-34122
We speculated that by-products 5 and 7 formed as a result of aryl-aryl interchange from the triphenylphosphine ligand (via I/II/III) because of a slow transmetallation step in the crosscoupling reaction (Scheme 3). This hypothesis was based on the mechanistic studies of related arylaryl interchange of phosphine ligands in palladium-catalyzed cross coupling reactions reported by Novak et al.
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Scheme 3 Proposed Mechanistic Pathway
To overcome the issue of aryl-aryl interchange we decided to focus our optimization studies on the nature of the ligand, our results are shown in Table 1 . Removing phosphine altogether resulted in a poor yield of sydnone (entry 1), while tributylphosphine furnished 2 in moderate yield (entry 2). As we had identified the transmetallation step as problematic, we postulated that Buchwald's biarylphosphine ligands could promote the cross-coupling and ultimately lead to a more general set of conditions. 12 Indeed, we were pleased to find that employing 10 mol % of XPhos with 5 mol % Pd(OAc) 2 afforded 2 in excellent yield (entry 3). Moreover, this catalyst system permitted previously unreactive aryl chlorides to participate in direct arylation quite smoothly under these new conditions with only a small erosion of yield (entry 4). Finally, we found the reaction to be amenable to scale up, delivering 2 on gram scale in almost quantitative yield. Using optimized conditions, we next decided to explore the scope of the direct arylation using 4-chlorotoluene, and a series of sydnones, our results are shown in Table 2 . A range of N-aryl groups were well tolerated in the coupling (entries 1 -5). However, it should be noted that 4-fluorophenyl sydnone 12 (entry 5) was unstable in solution and decomposed in chloroform and dichloromethane.
We were also pleased to find that N-alkylsydnones coupled smoothly (entries 6-8) when a reduced reaction temperature of 80  C was used. This was consistent with Moran's observations that lower temperatures were required for the coupling of N-alkylsydnones, due to thermal instability. We next explored the scope of the direct arylation reaction using a selection of aryl chlorides and our results are summarized in Table 3 . The cross-coupling was successful for a series of aryl (entries 1-7) and heteroaromatic substrates (entries 8, 9), although 4-chloroaniline and 4-chlorophenol provided the corresponding sydnones (19 and 20, respectively) in poorer yields.
Fortunately however, these sydnones could be obtained in much higher yields when the corresponding aryl bromides were used instead (scheme 4). We were also pleased to find that the use of an aryl bromide improved the yield of direct arylation with N-benzylsydnone, in the one example studied (scheme 4). The incorporation of substituents at the sydnone C4 position can often reduce the efficiency of these substrates in cycloaddition reactions, 7b and so we decided to explore the reaction of 3a with a small selection of alkynes to evaluate the applicability of this method to access ER-34122 and analogs. As shown in Scheme 5, compound 2 reacted with ethyl propiolate to give the corresponding pyrazole as a mixture of regioisomers 24a,b in low yield. The temperatures required in this case resulted in significant polymerization of the alkyne leading to contaminated products that could not be easily purified. In contrast, ynone 3 13 underwent efficient cycloaddition but again provided pyrazoles 4a,b an equal mixture of regioisomers. However, aldehyde 26, a known precursor of ER-34122, was generated in good overall yield and regioselectivity by carrying out a cycloaddition reaction of 2 and propargyl alcohol, followed by oxidation by the Dess-Martin reagent. The minor isomer of the aldehyde was separated from 26 after column chromatography.
Scheme 5: Cycloaddition Reactions of 2
Finally, we have also found this chemistry to be applicable to the synthesis of aryl-linked sydnones.
Specifically, the coupling reaction of 1a with 1,4-dichlorobenzene provided sydnone dimer 27 in excellent yield. Moreover, the cycloaddition of 27 with phenylacetylene proceeded smoothly to afford 28 as a single regioisomer (as judged by 400 MHz 1 H NMR spectroscopy), albeit in moderate yield (Scheme 6). Interestingly, aryl-linked pyrazoles 28 are established organic electroluminescent molecules. 14 Therefore, aryl-linked sydnones such as 27 provide direct access to a range of these compounds, with significant potential for diversification.
Scheme 6: Preparation and Cycloaddition of Aryl-Linked Sydnone Dimer 27
In conclusion, we have developed a highly versatile and general method for the direct arylation of the sydnone C4 position. The reaction has a broad scope with respect to both coupling partners and allows aryl chlorides to be employed. The utility of the products was demonstrated in cycloaddition reactions with alkynes to form a drug compound precursor and an established class electroluminescent molecules. This robust two-step sydnone direct arylation -cycloaddition should permit the rapid construction of diverse pyrazole libraries.
Experimental Section
General Procedure for the Direct Arylation of Sydnones. A flask equipped with a reflux condenser was charged with a mixture of sydnone (1 eq.), aryl halide (1.5 eq.), palladium acetate (5 mol %), XPhos (10 mol %) and potassium carbonate ( and sealed. The mixture was heated at 160  C for 16 hours before being allowed to cool to ambient temperature. The mixture was directly loaded on to a short silica plug and xylenes removed by elution with 100% petroleum ether, the crude material was then eluted with 100% ethyl acetate. 
